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•  Conclusions	

Overview 



Large-Scale Structure in an Expanding Universe 

•  Gravity dominates on large scales 
•  Cosmological Vlasov-Poisson equation 
•  Usual PDE methods fail 

•  6D phase space 
•  Structure from Jeans instability 

•  Use N-body methods 
•  Particles hold “real” information 
•  Naturally Lagrangian 
•  Robust to errors/noise 
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Hardware/Hybrid Accelerated Cosmology Code 

•  Design considerations 
•  Gravity acts on all length scales 
•  Architectural diversity, distributed memory 

•  Long-range, slowly varying 
•  Distributed memory, MPI 
•  Spectral/FFT Particle-Mesh (PM) methods 

•  Short-range, quickly varying 
•  Rank-local shared memory 
•  Particle-particle comparisons 
•  Computationally intense 

•  Carefully tuned force hand-over 
•  Time-stepping/integration 

•  2nd order symplectic 
•  Standard operator splitting 
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Implementation 
•  Long-range force 

•  Particles in 3D decomposition 
•  Custom FFT in 2D/pencil decomposition 

•  Grid re-distribution after particle deposit 

•  Tested up to ~150003 grid, ~106 ranks 

•  Short-range force 
•  Instantiate thin particle cache from neighbors 

•  Isolate short-range force from communication 

•  Finite support, 5th order polynomial 

•  High performance 
•  ACM Gordon Bell Finalist 

•  SC12: 14 Pflops (~70% of peak) LLNL/Sequoia 
•  SC13: OpenCL on OLCF/Titan 

•  “Hero” simulations completed 
•  ALCF/Mira: The Outer Rim 
•  OLCF/Titan: The Q Continuum 
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where Cj are coefficients in the Fourier expansion of f .
The “Poisson-solve” in HACC code is the composi-

tion of all the kernels above in one single Fourier trans-
form. Note that each component of the field gradient re-
quires an independent FFT. This entails a small amount
of extra work, but is a very small fraction of the total
force computation, the bulk of which is dominated by
the short-range solver.

2.4. Fast Fourier Transform Implementation
An efficient and scalable parallel FFT is an essential

component of HACC’s design, and determines its weak
scaling properties. Although parallel FFT libraries are
available, HACC uses its own portable parallel FFT im-
plementation optimized for memory efficiency and per-
formance. Since slab-decomposed parallel FFTs are
not scalable, the HACC FFT implementation uses data
partitioning across a two-dimensional subgrid, allowing
Nrank < N2FFT , with a resulting scalable performance
that is sufficient for use in any supercomputer in the
foreseeable future.
The implementation consists of a data partitioning al-

gorithm which allows an FFT to be taken in each di-
mension separately. The data structure of the comput-
ing nodes prior to the FFT is such as to divide the total
space into regular three-dimensional domains. There-
fore, to employ a two-dimensionally decomposed FFT,
the distribution code reallocates the data from small
‘cubes’, where each cube represents the data of one pro-
cessor, to thin two-dimensional ‘pencil’ shapes, as de-
picted schematically in Figure 5.
Once the distribution code has formed the pencil data

decomposition, a one-dimensional FFT can be taken
along the long dimension of the pencil. Moreover, the
same distribution algorithm is employed to carry out
the remaining two transforms by redistributing the do-
main into pencils along those respective dimensions.
The transposition and FFT steps are overlapped and
pipelined, with a reduction in communication hotspots
in the interconnect. Lastly, the dataset is returned to the
three-dimensional decomposition, but now in the spec-
tral domain. Pairwise communication is employed to

 

Figure 5: Data allocations for the force calculation. A three-
dimensional spatial domain decomposition is used for for the force-
solver, while a two-dimensional pencil structure is used for the FFT.
Therefore, a reallocation of memory between the two data structures
is required when carrying out either step in the computation.

redistribute the data, and has proven to scale well in
our larger simulations. A demonstration of this is pro-
vided by the BG/Q sytems, where we have run on up
to ∼ 1.5 million MPI ranks (Habib et al. 2012). As
the grid size is increased on a given number of pro-
cessors, the communication efficiency (i.e., the fraction
of time spent communicating data between processors),
remains unchanged. This is an important validation of
our implementation design, as the communication cost
of the algorithm must not outpace the increase in local
computation performance when scaling up in size. Fur-
ther details of the parallel FFT implementation will be
presented elsewhere.

2.5. The Short-Range Force

The total force on a particle is given by the vector
sum of two components: the long-range force and the
short-range force. At distances greater than the force-
matching scale, only the long-range force is needed
(at these scales, the PM calculation is an excellent ap-
proximation to the desired Newtonian limit, see Fig. 4).
At distances less than the force-matching scale, rs, the
short-range force is given by subtracting the residual fil-
tered grid force from the exact Newtonian force.
To find the residual filtered PM force, we compute it

numerically using a pair of test particles (since in our
case no analytic expression is available), evaluating the
force at many different distances at a large number of
random orientations. The results are fit to an expression
that has the correct asymptotic behaviors at small and
large separation distances (Cf. Dubinski et al. 2004).
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•  Absolute	Performance	
•  The	code	is	designed	for	it	as	the	first-class	requirement	
•  Isola?on	of	small	number	of	compute-intensive	kernels	
•  Major	focus	on	data	locality	

•  Algorithmic	Flexibility	
•  Compute-intensive	parts	are	independent	on	implementa?on	
•  Compute-intensive	parts	should	be	parameterized	

•  Expert	Tuning	
•  The	tuning	cost	should	be	limited	by	a	small	isolated	subset	of	plug-in	code	

•  Portable	Top	Layer	
•  Portability	of	non-performance	cri?cal	sec?on	must	be	maximized	

•  Limi?ng	External	Dependencies	
•  Independence	on	?mescale	/	produc?vity	/	availability	of	others	

HACC: Main Design Principles 



•  Hard	Portability	
•  Requires	no	code	changes	and	no	tuning	
•  Should	compile	and	run	out	of	the	box	
•  Possible?	YES!		

•  Fortran/C/C++	code	with	strict	language	standard,	no	OS	calls,	no	assump?on	on	I/O	

•  Useful?	YES!		
•  Main	logic	of	the	code,	data	layout,	type	defini?ons,	ini?aliza?on	stage,	…,	up	to	95%	of	code	base	

•  SoB	Portability	
•  Requires	“simple”	code	modifica?ons,	no	algorithmic	changes	

•  Simple	…	hmmm	not	always	

•  Possible?	YES!	
•  Microkernels	must	be	tuned	for	performance	
•  Free	to	use	any	“non	portable”	techniques	including	assembler	programming	

•  Useful?	YES!	
•  Significant	performance	gain	(examples	will	follow)	
•  Good	performance	/	portability	tradeoff	(examples	will	follow)	

•  Non-portable	Solu?ons	
•  Any	algorithmic	changes	in	the	code	
•  Any	development	of	new	kernels,	including	fusion	/	splibng	of	old	kernels	

Portability 



•  Hard	Portability	
•  Requires	no	code	changes	and	no	tuning	
•  Should	compile	and	run	out	of	the	box	
•  Possible?	YES!		

•  Fortran/C/C++	code	with	strict	language	standard,	no	OS	calls,	no	assump?on	on	I/O	

•  Useful?	YES!		
•  Main	logic	of	the	code,	data	layout,	type	defini?ons,	ini?aliza?on	stage,	…,	up	to	95%	of	code	base	

•  SoB	Portability	
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Portability 

HACC	design	choices:	
	
Large	frac?on	of	the	code	should	be	hard	portable	
	
Key	compute	intensive	algorithms	are	localized	
	
Microkernels	are	soB	portable	across	similar	plaeorms	
	
Microkernels	can	be	non-portable	(performance	prevails!)		
	
	



•  What	is	a	microkernel?	

•  One	or	many	rou?nes	that	perform	a	complete	data	processing	
•  Algorithmic	changes	require	complete	microkernel	change	
•  Microkernel	is	specific	to	the	code,	not	a	general	purpose	math	rou?ne	
•  BLAS	kernels	are	not	qualified	as	microkernels	

•  Uses	and	preserves	a	given	data	layout	determined	in	the	main	code	

•  Uses	realis?c	data	sizes	and	data	locality	
•  Even	beher,	parameterized	data	sizes	and	memory	footprint		

•  Takes	a	no?ceable	frac?on	of	the	run	?me	
•  Desired,	but	not	required	

•  Concurrency	
•  Tricky	–	not	too	much,	not	too	lihle	

•  Art	of	designing	the	microkernels	

•  Discussed	by	many	in	different	forums	

Microkernels – key to performance achievements 



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
    float *xx1, float *yy1, float *zz1, float *mass1, float *dxi, float *dyi, float *dzi ) {
    
    const float ma0 = 0.269327, ma1 = -0.0750978, ma2 = 0.0114808, ma3 = -0.00109313;
    const float ma4 = 0.0000605491, ma5 = -0.00000147177;
    
    float dxc, dyc, dzc, m, r2, f, xi, yi, zi;    int j;

    xi = 0.f; yi = 0.f; zi = 0.f;

    for ( j = 0; j < count1; j++ ) {
        dxc = xx1[j] - xxi;
        dyc = yy1[j] - yyi;
        dzc = zz1[j] - zzi;
  
        r2 = dxc * dxc + dyc * dyc + dzc * dzc;

        if ( ( r2 > 0.0f ) && ( r2 < fsrrmax2 ) ) {
            f = r2 + mp_rsm2;
            f =  mass1[j] * ( 1.f / ( f * sqrtf( f ) ) – 
                 ( ma0 + r2*(ma1 + r2*(ma2 + r2*(ma3 + r2*(ma4 + r2*ma5))))) );
           
            xi = xi + f * dxc;
            yi = yi + f * dyc;
            zi = zi + f * dzc;
        }
    }

    *dxi = xi;
    *dyi = yi;
    *dzi = zi;
}

Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
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            xi = xi + f * dxc;
            yi = yi + f * dyc;
            zi = zi + f * dzc;
        }
    }

    *dxi = xi;
    *dyi = yi;
    *dzi = zi;
}

Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
Dependency	chain	



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
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    *dxi = xi;
    *dyi = yi;
    *dzi = zi;
}

Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
Dependency	chain	
Single	precision	



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
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    *dxi = xi;
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    *dzi = zi;
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Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
Dependency	chain	
Single	precision	
Polynomial	



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
    float *xx1, float *yy1, float *zz1, float *mass1, float *dxi, float *dyi, float *dzi ) {
    
    const float ma0 = 0.269327, ma1 = -0.0750978, ma2 = 0.0114808, ma3 = -0.00109313;
    const float ma4 = 0.0000605491, ma5 = -0.00000147177;
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            yi = yi + f * dyc;
            zi = zi + f * dzc;
        }
    }

    *dxi = xi;
    *dyi = yi;
    *dzi = zi;
}

Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
Dependency	chain	
Single	precision	
Polynomial	
Data	reuse	



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
    float *xx1, float *yy1, float *zz1, float *mass1, float *dxi, float *dyi, float *dzi ) {
    
    const float ma0 = 0.269327, ma1 = -0.0750978, ma2 = 0.0114808, ma3 = -0.00109313;
    const float ma4 = 0.0000605491, ma5 = -0.00000147177;
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            xi = xi + f * dxc;
            yi = yi + f * dyc;
            zi = zi + f * dzc;
        }
    }

    *dxi = xi;
    *dyi = yi;
    *dzi = zi;
}

Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
Dependency	chain	
Single	precision	
Polynomial	
Data	reuse	
Division/Square	root	



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
    float *xx1, float *yy1, float *zz1, float *mass1, float *dxi, float *dyi, float *dzi ) {
    
    const float ma0 = 0.269327, ma1 = -0.0750978, ma2 = 0.0114808, ma3 = -0.00109313;
    const float ma4 = 0.0000605491, ma5 = -0.00000147177;
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    *dxi = xi;
    *dyi = yi;
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}

Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
Dependency	chain	
Single	precision	
Polynomial	
Data	reuse	
Division/Square	root	
Complex	condi;onal	



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
    float *xx1, float *yy1, float *zz1, float *mass1, float *dxi, float *dyi, float *dzi ) {
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                 ( ma0 + r2*(ma1 + r2*(ma2 + r2*(ma3 + r2*(ma4 + r2*ma5))))) );
           
            xi = xi + f * dxc;
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        }
    }

    *dxi = xi;
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    *dzi = zi;
}

Example: Short Force Evaluation 

90%	of	run	?me	
C	language:	32	lines	
Dependency	chain	
Single	precision	
Polynomial	
Data	reuse	
Division/Square	root	
Complex	condi?onal	

Portability?	



void ShortForce( int count1, float xxi, float yyi, float zzi, float fsrrmax2, float mp_rsm2, 
    float *xx1, float *yy1, float *zz1, float *mass1, float *dxi, float *dyi, float *dzi ) {
    
    const float ma0 = 0.269327, ma1 = -0.0750978, ma2 = 0.0114808, ma3 = -0.00109313;
    const float ma4 = 0.0000605491, ma5 = -0.00000147177;
    
    float dxc, dyc, dzc, m, r2, f, xi, yi, zi;    int j;

    xi = 0.f; yi = 0.f; zi = 0.f;

    for ( j = 0; j < count1; j++ ) {
        dxc = xx1[j] - xxi;
        dyc = yy1[j] - yyi;
        dzc = zz1[j] - zzi;
  
        r2 = dxc * dxc + dyc * dyc + dzc * dzc;

        if ( ( r2 > 0.0f ) && ( r2 < fsrrmax2 ) ) {
            f = r2 + mp_rsm2;
            f =  mass1[j] * ( 1.f / ( f * sqrtf( f ) ) – 
                 ( ma0 + r2*(ma1 + r2*(ma2 + r2*(ma3 + r2*(ma4 + r2*ma5))))) );
           
            xi = xi + f * dxc;
            yi = yi + f * dyc;
            zi = zi + f * dzc;
        }
    }

    *dxi = xi;
    *dyi = yi;
    *dzi = zi;
}

Example: Short Force Evaluation tuning 

BG/Q Hard portable solution: 
37,128,240 cycles, 7.5% of peak

BG/Q Soft portable solution: 
4,180,445 cycles, 68% of peak
Intrinsics, 6 month effort, x8.89 speedup

KNL Hard portable solution:
1,393,392 cycles, base line, 21% of peak

   637,610 cycles, compiler options, 46% of peak
Compiler tuning possible AFTER assembler

KNL Soft portable:
501,949 cycles, 58% of peak
Assembler, 3 month effort, x1.27 speedup

Baseline and compiler optimized code 

Significant performance improvement 
Assembler, 3 month effort, measurable speedup 



void cm( int count, float *xx, float *yy, float *zz, float *mass, float *xmin, float *xmax, float *xc){  
  double x = 0, y = 0, z = 0, m = 0;  
  for (int i = 0; i < count; ++i) {    
    if (i == 0) {      
        xmin[0] = xmax[0] = xx[0];  
        xmin[1] = xmax[1] = yy[0];  
        xmin[2] = xmax[2] = zz[0]; 
    } 
    else {      
        xmin[0] = fminf(xmin[0], xx[i]);      
        xmax[0] = fmaxf(xmax[0], xx[i]);      
        xmin[1] = fminf(xmin[1], yy[i]);      
        xmax[1] = fmaxf(xmax[1], yy[i]);      
        xmin[2] = fminf(xmin[2], zz[i]);      
        xmax[2] = fmaxf(xmax[2], zz[i]);    
    }    
    
    float w = mass[i];    
    x += w*xx[i];    
    y += w*yy[i];    
    z += w*zz[i];    
    m += w;  
  }  

  xc[0] = (float) (x/m);  
  xc[1] = (float) (y/m);  
  xc[2] = (float) (z/m);
}

Example: CM Bounding Box Computation 

5%	of	run	?me	
C	language:	28	lines	
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Accumula?on	



void cm( int count, float *xx, float *yy, float *zz, float *mass, float *xmin, float *xmax, float *xc){  
  double x = 0, y = 0, z = 0, m = 0;  
  for (int i = 0; i < count; ++i) {    
    if (i == 0) {      
        xmin[0] = xmax[0] = xx[0];  
        xmin[1] = xmax[1] = yy[0];  
        xmin[2] = xmax[2] = zz[0]; 
    } 
    else {      
        xmin[0] = fminf(xmin[0], xx[i]);      
        xmax[0] = fmaxf(xmax[0], xx[i]);      
        xmin[1] = fminf(xmin[1], yy[i]);      
        xmax[1] = fmaxf(xmax[1], yy[i]);      
        xmin[2] = fminf(xmin[2], zz[i]);      
        xmax[2] = fmaxf(xmax[2], zz[i]);    
    }    
    
    float w = mass[i];    
    x += w*xx[i];    
    y += w*yy[i];    
    z += w*zz[i];    
    m += w;  
  }  

  xc[0] = (float) (x/m);  
  xc[1] = (float) (y/m);  
  xc[2] = (float) (z/m);
}

Example: CM Bounding Box Computation 

5%	of	run	?me	
C	language:	28	lines	
Condi?onal	in	loop	
Func?on	calls	
Accumula;on	



void cm( int count, float *xx, float *yy, float *zz, float *mass, float *xmin, float *xmax, float *xc){  
  double x = 0, y = 0, z = 0, m = 0;  
  for (int i = 0; i < count; ++i) {    
    if (i == 0) {      
        xmin[0] = xmax[0] = xx[0];  
        xmin[1] = xmax[1] = yy[0];  
        xmin[2] = xmax[2] = zz[0]; 
    } 
    else {      
        xmin[0] = fminf(xmin[0], xx[i]);      
        xmax[0] = fmaxf(xmax[0], xx[i]);      
        xmin[1] = fminf(xmin[1], yy[i]);      
        xmax[1] = fmaxf(xmax[1], yy[i]);      
        xmin[2] = fminf(xmin[2], zz[i]);      
        xmax[2] = fmaxf(xmax[2], zz[i]);    
    }    
    
    float w = mass[i];    
    x += w*xx[i];    
    y += w*yy[i];    
    z += w*zz[i];    
    m += w;  
  }  

  xc[0] = (float) (x/m);  
  xc[1] = (float) (y/m);  
  xc[2] = (float) (z/m);
}

Example: CM Bounding Box Computation 

5%	of	run	?me	
C	language:	28	lines	
Condi?onal	in	loop	
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Portability?	



void cm( int count, float *xx, float *yy, float *zz, float *mass, float *xmin, float *xmax, float *xc) {  
  float x = 0.f, y = 0.f, z = 0.f, m = 0.f, w, xmin0, xmin1, xmin2, xmax0, xmax1, xmax2; int i;  
 
  xmin0 = xmin1 = xmin2 = FLT_MAX;  
  xmax0 = xmax1 = xmax2 = FLT_MIN;  
 
#pragma vector aligned  
  for ( i = 0; i < count; ++i )  
  {  
    if ( xmin0 > xx[i] ) xmin0 = xx[i];  
    if ( xmin1 > yy[i] ) xmin1 = yy[i];  
    if ( xmin2 > zz[i] ) xmin2 = zz[i];  
 
    if ( xmax0 < xx[i] ) xmax0 = xx[i];  
    if ( xmax1 < yy[i] ) xmax1 = yy[i];  
    if ( xmax2 < zz[i] ) xmax2 = zz[i];  
 
    w = mass[i];  
 
    x += w * xx[i];  
    y += w * yy[i];  
    z += w * zz[i];  
    m += w;  
  }  
 
  xc[0] = x / m;    xc[1] = y / m;    xc[2] = z / m;  
 
  xmin[0] = xmin0;   xmin[1] = xmin1;   xmin[2] = xmin2;  
 
  xmax[0] = xmax0;   xmax[1] = xmax1;   xmax[2] = xmax2;  
}  

Example: CM Bounding Box Computation 

HACC	approach:	
	The	choice	of		
	hard	portable	solu;on	



  xi0 = vec_splats( (double)x1 );  xi1 = vec_splats( (double)x2 );  
  yi0 = vec_splats( (double)y1 );  yi1 = vec_splats( (double)y2 );  
  zi0 = vec_splats( (double)z1 );  zi1 = vec_splats( (double)z2 );  
 
  xs = vec_splats( 0. );  
  ys = vec_splats( 0. );  
  zs = vec_splats( 0. );  
  ms = vec_splats( 0. );  
 
  for ( i = k, j = k * 4; i < count-3;  
               i = i + 4, j = j + 16 )  
  {  
    xv = vec_lda( j, xx );  yv = vec_lda( j, yy );  
    zv = vec_lda( j, zz );  
    wv = vec_lda( j, mass );  
 
    dv0 = vec_cmpgt( xi0, xv );  
    dv1 = vec_cmplt( xi1, xv );  
    dv2 = vec_cmpgt( yi0, yv );  
    dv3 = vec_cmplt( yi1, yv );  
    dv4 = vec_cmpgt( zi0, zv );  
    dv5 = vec_cmplt( zi1, zv );  
 
    xi0 = vec_sel( xi0, xv, dv0 );  
    xi1 = vec_sel( xi1, xv, dv1 );  
    yi0 = vec_sel( yi0, yv, dv2 ); yi1 = vec_sel( yi1, yv, dv3 );  
    zi0 = vec_sel( zi0, zv, dv4 ); zi1 = vec_sel( zi1, zv, dv5 );  
 
    xs = vec_madd( wv, xv, xs );   ys = vec_madd( wv, yv, ys );  
    zs = vec_madd( wv, zv, zs );   ms = vec_add( ms, wv );  
  }  
 

Example: CM Bounding Box Computation 

HACC	approach:	
	The	choice	of		
	hard	portable	solu?on	
	or	
	non-portable	solu;on	



HACC on Titan: GPU Implementation (Schematic) 

Block	

TreePM code: Portable, similar to CPU code 

•  Kernels are written in CUDA or OpenCL 

•  Non-portable 

•  Simplicity 

•  Maintenance 

•  Flexibility   

 

 

P3M Implementation: Non-portable 

•  Spatial data pushed to device in large 
blocks 

•  Data decomposed in one dimension 

•  Data sub-partitioned into chaining mesh 
cubes 

•  Forces between particles in a cube and 
neighboring cubes 

•  Natural parallelism and simplicity  

•  Large block sizes ensure computation 
time exceeds memory transfer latency by 
a large factor 



•  HACC	essen?al	requirements	to	code	development	

•  Absolute	performance	–	cri?cal	first-class	ci?zen	

•  Absolute	throughput	–	both	hero	and	parametric	study	runs	

•  HACC	approach	
•  Running	across	a	variety	of	plaeorms	

•  (BUT,	not	all	possible	plaeorms)	

•  Developing	across	a	few	small	compute-intensive	kernels	

•  Suppor?ng	for	algorithmic	flexibility	

•  Encouraging	for	expert	tuning	to	the	lowest	possible	level	
•  (for	maximal	performance)	

•  Pushing	maximal	portability	for	non-cri?cal	parts		

•  Limi?ng	non-essen?al	external	dependencies	

Conclusion 


